with reference to the thermal layer structures observed in high speed schlieren movies. set of empirical equations for the temperature and velocity profiles.
These equations agreed reasonably well with experimental data 3 •
Relatively minor attention has been given to the study of the turbulent boundary layer flow over strongly heated surface in which significant density variations are produced. One of the reasons is that conventional hot-wire and thermocouple data obtained in this environment are difficult to interpret. Consequently, there are only a few publications on this boundary layer flow and these experimental data are insufficient to characterize the mechanisms responsible for momentum and heat transport in the thermal layer. and also most of the cross-correlations. Floor heating was found to create a local wall jet downstream of the wall temperature discontinuity. This jet was attributed to the vigorous interaction, aided by buoyancy, between the heated air in the thermal layer and the turbulence in the boundary_ layer. In the heated roof boundary layer, buoyancy stabilized the interface between hot and cold gases and supressed the turbulence. 6 Rotta conducted an experimental study of heated turbulent boundary layers in air with T =523 K and U of 10 to 30 m/s. His main objective In Section 3.3, the temperature and velocity profiles in the heated boundary layer are compared with Townsend's self preservation analysis.
Also discussed in the same section are the effects of wall heating on the turbulence statistics. Finally in section 4, the evolution of the thermal layer and its interactions with the tur.bulence . structures are discussed with reference to qualitative information obtained from high-. speed schlieren movies.
Experimental arrangements
The experimental setup is shown schematically in Fig. 1 The schlieren setup consisted of a pair of 75 mm diameter, 1000 mm focal length lenses and a polarization prism used as the schlieren stop.
A Fastax rotating prism camera was used to photograph the high speed movies.
The maximum framing rate was about 4 kHz which was compatible with the sampling rate for the density and velocity measurements. The development of the thermal layer was studied with three separate movies covering the leading edge, the middle and the end regions of the heated section since the field of view of this setup was limited to 75 mm (i.e the diameter of the schlieren lenses).
3. Results Table 1 . Velocity statistics was first measured in the unheated turbulent boundary layer. These results were compared with density and velocity measurements in the heated turbulent boundary layer. The measurements in the heated boundary layer were made after the heated section had been operated for at least 1-1/2 hours to ensure steady state. In general, the wall temperature was fairly uniform except for some cool spots near the edge of the strips. Unfortunately, after the strips were heated for the first time, slight bulges were formed near the center of each strip thus resulting in a less than ideal flat surface over the test section.
The Rayleigh scattering data were reduced to obtain the mean density P', rms density fluctuation, P', and mean temperature. The velocity data were reduced to obtain two mean velocity components, U and V, their rms fluctuation, u' and v', and the Reynolds stress -~. Also deduced were several turbulent boundary layer parameters (Table I ). The momentum thickness, om' the displacement thickness, od' and enthalpy thickness, oh were determined by numerical integration of the mean density and velocity profiles using Simpson's rule. The wall stress velocity, u , was obtained by fitting the law of the wall, 
The enthalpy thicknesses (Table 1) (Table 1) .
Temperature profiles corresponding to the density profiles of Townsend's self-preserving analysis was developed for a slightly heated thermal layer with negligible density variation, our results demonstrated that his analysis can also be used to correlate this thermal layer with appreciable density variation. However, the physical significance of the differences in the values of K 8 and c 8 between the slightly heated and strongly heated cases can only be inferred from further experiments evidence.
The mean velocities are not drastically affected by strong wall heating. As shown in Fig. 10 , the only difference between the heated and unheated profiles is that for the heated case is larger. The data within this range are fitted with the law of the wall.
The stress velocity corresponding to these profiles, ( Table 1) are quite similar to those of the unheated case. However, the mean stress velocity inferred from the growth of the momentum thickness is only about 16% of the values shown in Table I .
This large discrepancy perhaps indicates that these stress velocities are just approximations and therefore not highly accurate. The stress velocity inferred from the growth of monentum thickness is associated with a large margin of uncertainty. This is because experimental uncertainties of density and velocity measurements are compounded by numerical integration when determining momentum thicknesses. The stress velocity inferred from the law of the wall correlation would not be totally consistent with stresses in the thermal layer because this method involves fitting data obtained inside and outside the thermal layer.
Since turbulence in the outer region of the boundary layer obtains its energy from the wall region of the upstream part of the flow, the data outside of the thermal layer but within the velocity boundary layer is uncorrelated with shear stress at the heated wall.
The reason for these stress velocities being so close to those of the unheated flow is that the thermal layer extends only to about 0.6 o at u station 9.
For the practical purpose of comparing the data in the heated and unheated flows, these values are used to evaluate uT in Eq.
2, and to normalize the Reynolds stress data. Our data can be interpreted to indicate a reduction of turbulence production in the inner region of the thermal layer. Since turbulence in the wall region is convected and transported to the outer region, it seems reasonable to conjecture that in a fully developed thermal layer the turbulence throughout the boundary layer would be reduced.
Discussion
Our data have shown that a reduction in Reynolds stress in the wall region is the only observable effect of strong wall heating on the turbulent boundary layer. This result would suggest a reduction in turbulence production without any change in turbulent kinetic energy.
Unfortunately, our experimental data are insufficient to determine the ratio between turbulence production and dissipation in the heated boundary layer which would provide further insight into this phenomenon.
Nevertheless, by showing the development of the thermal structures, the schlieren movies would provide some quantitative information on the thermal layer which would also be pertinent to the overall fluid motion and to the turbulence in the boundary layer.
In a heated boundary The most striking feature of the heated boundary layer as shown by the schlieren images is that the development of the thermal structures in the boundary layer is cyclic. The cycles begin with the formation of blobs of heated gas at the edge of the otherwise thin (much less than oT) and quiescent thermal layer adjacent to the wall. These blobs grow in size, then form into streaks oblique to the wall and move outward as they are convected downstream. The streaks begin to break up when they reach farther out into the boundary layer and completely disappear in the outer region. This sequence of events is not always individually distinguishable and the blobs of heated fluid sometimes are found to merge or interact •. It should be pointed out that the schlieren image is a result of integrated effect along the span of the heated boundary layer, therefore, the interaction and merging could be the superposition of several events taking place at different spanwise positions.
The cyclic development of the thermal structures seems to be asso- Since bursting contributes to about 70% of the Reynolds stress production, the overall Reynolds stress level near the wall would also be lowered. Because bursting is highly intermittent and occurs amid background turbulence, the overall time-mean rms fluctuations would not be greatly affected.
Conclusions
The effects of a stepwise jump in wall temperature of BOOK on a fully developed turbulent boundary layer have been studied using Ray- Fig. 2 Co-ordinate system and orientations in the teSt section.
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